Introduction
The ingestion of dietary fat stimulates epithelial cells of the small intestine to produce the bioactive lipid amide, OEA (Rodríguez de Fonseca et al., 2001; Fu et al., 2007; Schwartz et al., 2008) , an endogenous high-affinity agonist of the nuclear receptor PPAR-␣ (Fu et al., 2003) . Acting within the gut, newly formed OEA engages sensory fibers of the vagus nerve to cause a behaviorally selective suppression of food intake (Rodríguez de Fonseca et al., 2001; Gaetani et al., 2003; Proulx et al., 2005; Fu et al., 2008) , and stimulates enterocytes to express genes involved in lipid absorption (Yang et al., 2007) . Both responses require the activation of PPAR-␣, which is highly expressed in duodenal and jejunal enterocytes (Bünger et al., 2007; Fu et al., 2007) . These results suggest that small-intestinal OEA signaling serves as a fat-sensing mechanism that cooperates with premeal insulin release and other cephalic responses to optimize lipid utilization after ingestion of a fat-rich meal (Schwartz et al., 2008) .
The central neurotransmitter systems recruited by peripheral OEA to inhibit food intake are still unknown. Identifying them would help, however, to understand how animals monitor the ingestion of fat-containing foods and how such monitoring processes might become dysfunctional in obesity and other eating disorders characterized by excessive fat intake. Previous work has shown that systemic administration of OEA promotes, via afferent vagal fibers, expression of the activity-dependent gene c-fos in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus (Rodríguez de Fonseca et al., 2001) . Neurons in these nuclei express a variety of neuropeptides, including oxytocin and vasopressin, which are involved in the central coordination of metabolic signals originated in peripheral tissues (Broberger and Hökfelt, 2001; Berthoud and Morrison, 2008) . In the present study, we examined whether neuropeptide-secreting neurons in the PVN and SON might be implicated in mediating the anorexic effects of OEA.
Materials and Methods
Animals. We purchased adult male Wistar rats (250 -300 g) from Harlan Italy, PPAR-␣ Ϫ/Ϫ mice (B6.129S4-PparatmtGonzN12) and wild-type controls (C57BL/6 mice) from Jackson Laboratory (through Charles River Laboratories, Italy). The animals were housed under controlled conditions of temperature and humidity and were kept on a 12 h light/ dark cycle, with lights on at 6:30 P.M. Water and standard chow pellets (Prolab RMH 2500, PMI Nutrition International) were available ad libitum. The animals were accustomed to handling and injections for 7 d before experiments. On day 8, they received drug of vehicle injections ϳ10 min before dark. At the end of the experiments, the animals were killed with an overdose of chloral hydrate (0.5 g kg Ϫ1 , i.p. ) and radiolabeled c-fos riboprobe (75 ϫ 10 6 dpm ml
Ϫ1
) in the same hybridization buffer. After hybridization, the sections were exposed to Kodak Biomax film (Sigma-Aldrich) for 8 -72 h. The specificity of the hybridization signal was ascertained by hybridization of same sections labeled with corresponding sense probes. The colocalization of signals after in situ double hybridization was evaluated by immunocytochemical staining of the DIG-labeled probe using an anti-DIG antibody conjugated to alkaline phosphatase (Roche Diagnostics) and successive exposure to Kodak autoradiography emulsion (Integra Biosciences) for 18 d at 4°C. We examined the slices using a Nikon 80i Eclipse microscope, and captured images in bright field for oxytocin hybridization and dark-field for c-fos hybridization. We evaluated probes colocalization by analyzing the 2 merged images, using the Scion Image software (National Institutes of Health, Bethesda, MD).
Densitometric analyses. We scanned autoradiography films at high resolution (1200 dpi) and used a brain atlas (Paxinos and Watson, 1997) to define localization of brain structures. Quantitative analyses of hybridized signals were performed using the Scion Image software. Optical density (OD) values were converted into radioactivity concentrations by densitometric analysis of 14 C-microscale standards (American Radiolabeled Chemicals), so as to create for each film a calibration curve with a linear coefficient r 2 Ͼ 0.9. In every brain section, the OD of the corpus callosum was used as background and an integrated OD value was calculated as radioactivity per extension of hybridized area. Measurements were obtained in at least 4 consecutive tissue sections containing the desired structure.
Immunohistochemistry. We perfused rats, through their left heart ventricle, with a saline solution and then with a fixation solution containing 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.2). Brains were collected, postfixed for 1 d, and cut in coronal sections with a vibratome (40 m thickness). Sections were incubated for 24 h at 4°C with anti-c-fos antibody (1:500 dilution, Santa Cruz Biotechnology) and anti-oxytocin antibody (1: 1000 dilution, Millipore Bioscience Research Reagents), then rinsed in 0.1 M PB and exposed to anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 546 (1:1000 dilution, Invitrogen) for 2 h. After an additional 10 min rinse, the sections were observed under a Nikon Eclipse C1 confocal microscope (at 0.90 m optical thickness). Sagittal sections of the pituitary gland (15-m-thick) were cut on a cryostat and mounted on Superfrost plus slides. The sections were treated with 0.3% H 2 O 2 in methanol for 20 min to inactivate endogenous peroxidase, exposed to blocking serum (2% normal goat serum) for 1 h at room temperature, and incubated overnight at room temperature with a biotinylated anti-oxytocin antibody (1:10,000 dilution, Millipore Bioscience Research Reagents). Sections were washed and then incubated in biotinylated goat anti-mouse serum (1:500 dilution, Jackson ImmunoResearch) for 60 min at room temperature. After additional 10 min rinsing with 0.1 M PB, sections were treated with avidin-biotin-peroxidase complex (ABC, 1:200 dilution, Vector Laboratories), and developed with diaminobenzidine (DAB) with metal enhancer (Sigma-Aldrich). Slides were rinsed, dehydrated in ascending ethanol concentrations, cleared in xylene and mounted with Eukitt mounting medium (Sigma-Aldrich). Slice images were captured using a Nikon 80i Eclipse microscope and oxytocin expression was evaluated by reading OD values in the neurohypophysis, taking the OD values of the adenohypophysis as background.
Drugs and treatments. We prepared OEA in the laboratory (Giuffrida et al., 2000) and administered it by intraperitoneal injection in a vehicle of saline/polyethylene glycol/Tween 80 (90/5/5, v/v). We purchased L-368,899 from Tocris Bioscience and administered into the brain third ventricle in 1 l of saline 10 min before OEA or vehicle administration.
Oxytocin measurements. We used an enzyme immunoassay kit (Assay Designs) to measure oxytocin levels in plasma samples following the manufacturer's instruction.
Intracerebroventricular infusions. We anesthetized rats with equithesin and stereotaxically implanted a 26-gauge guide cannula (18 mm) positioned 1 mm dorsal to the third ventricle (Paxinos and Watson, 1997) : AP Ϫ2.2, L 0.05, and DV Ϫ7.6 from bregma). Infusions were made through a 30-gauge infusion cannula that extended 2 mm beyond the end of the guide cannula and that was connected to a 10 l Hamilton syringe by a PE-20 polyethylene tubing. The syringe was driven by an automated pump (CMA 400) at the rate of 1 l min Ϫ1 to provide an infusion volume of 1 l. Cannula placements were validated pharmacologically and verified histologically at end of experiments. Briefly, 1 week after surgery, we infused angiotensin II (10 ng in 1 l of saline) into the cannula and used in subsequent experiments only those animals that drank Ն5 ml of water in the 30 min following angiotensin II infusion. Experiments were conducted at least 2 d after angiotensin II infusions.
Feeding behavior. Food intake was recorded with automated cages (PRS Italia) equipped with lickometers (to monitor water consumption as number of licks) and food trays continuously accessible to the rats. The food trays contained standard chow pellets and were connected to weight sensors. The rats were habituated to test cages for 2 d before trials, and had ad libitum access to food and water. Experiments began 30 min before dark and lasted 18 h.
Statistical analyses. Statistical analyses were performed using the Prism software (GraphPad Software). Statistical significance for mRNA expression and data from behavioral experiments was determined by two-way or one-way ANOVA, depending on experimental setting, and multiple comparisons were performed by Tukey's post hoc test. Microdialysis results were analyzed by two-way ANOVA for repeated measures with treatment (OEA, or vehicle) as between-subject factor and time as within-subject factor. In all instances, statistical significance threshold was set at p Ͻ 0.05.
Results
Peripheral OEA induces c-fos mRNA expression in oxytocin neurons of PVN and SON Systemically administered OEA does not readily enter the CNS (Campolongo et al., 2009) , presumably because of the high expression of its degrading enzyme, fatty acid amide hydrolase, in the blood-brain barrier (Egertová et al., 2000) . We administered OEA to rats by intraperitoneal injection, at a dosage that does not allow penetration into the brain (10 mg kg Ϫ1 ) (Campolongo et al., 2009) , and measured c-fos mRNA expression in the CNS by in situ hybridization. As previously reported (Rodríguez de Fonseca et al., 2001) , OEA administration produced a localized increase of c-fos mRNA in PVN and SON, but not other regions of the forebrain (Fig. 1 A, B) . Densitometric analyses illustrated in Figure 1 , C and D, show that this effect was statistically detectable 30 -60 min after OEA injection. In situ double-hybridization experiments revealed that ϳ70% of PVN neurons, which responded to OEA with an elevation in c-fos expression, also contained oxytocin mRNA (Fig. 1 E, F ) . Other neuronal populations activated by OEA administration were not identified in the present study.
Immunohistochemical experiments confirmed that OEAinduced c-fos expression occurred in oxytocin-expressing magnocellular neurons (Fig. 1G) . The results suggest that systemic administration of OEA activates prevalently, albeit not exclusively, oxytocin neurons of the hypothalamus.
Peripheral OEA induces oxytocin mRNA expression in PVN and SON
To further test this idea, we quantified oxytocin mRNA in the brain following OEA injection (5-10 mg kg Ϫ1 , i.p.). The treatment stimulated, in a dose-and time-dependent manner, oxytocin expression in the PVN and SON (Fig. 2 A, B; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). By contrast, OEA injection did not change the expression of three additional hypothalamic peptides that are implicated in energy balance: vasopressin and TRH, which are highly expressed in the PVN and SON, and POMC, which is highly expressed in the arcuate nucleus and generates peptide signals that control PVN and SON activity (Morton et al., 2006) (Fig. 2 A, B; supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Notably, OEA (10 mg kg Ϫ1 ) did not alter oxytocin mRNA levels in mutant mice lacking PPAR-␣ (Fig. 2C,D) , indicating that the same receptor system that mediates the satiety-inducing effects of OEA (Fu et al., 2003) is also involved in regulating oxytocin expression. As expected from our localization studies, which pointed to magnocellular neurons as a primary site of OEAinduced oxytocin expression (Fig. 1G) , we found that systemic OEA administration increased oxytocin immunoreactivity in the neurohypophysis (Fig. 3A-C) and oxytocin levels in plasma (Fig. 3D) .
Central oxytocin receptor blockade prevents OEA-induced hypophagia
Multiple lines of evidence indicate that central oxytocin transmission is implicated in the modulation of feeding behavior ( Verbalis et al., 1986; Kirchgessner et al., 1988; Arletti et al., 1990; Swaab et al., 1995; Douglas et al., 2007; Amico et al., 2008; Kublaoui et al., 2008) . We examined, therefore, whether oxytocin may contribute to the anorexic effects of peripheral OEA. Thirty min before dark, we infused two doses of the selective oxytocin receptor antagonist, L-368,899 (0.05 and 0.5 nmol) (Thompson et al., 1997) , into the third ventricle of free-feeding rats, which then received systemic injections of either vehicle or OEA (10 mg kg Ϫ1 , i.p.). The selectivity of this agent for oxytocin receptors has been previously documented both in vitro and in vivo (Williams et al., 1994; Chiu et al., 1995; Thompson et al., 1997; Gupta et al., 2008) . We used an automated system to monitor the amount of food and water consumed by the animals for 18 h following drug administration. Systemic injections of OEA caused a profound reduction in total food intake (Rodríguez de Fonseca et al., 2001; Gaetani et al., 2003) , an effect that was dosedependently inhibited by L-368,899 (Fig.  4A) . Underscoring the selectivity of this response, the oxytocin antagonist did not alter food intake when infused alone (Fig.  4 A) and did not influence OEA-induced c-fos expression in the nucleus of the solitary tract (NST) (Rodríguez de Fonseca et al., 2001 ) (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). None of the drugs had any significant influence on water intake (Fig.  4 B) . The finding that intracerebroventricular infusion of a selective oxytocin antagonist prevents the hypophagia evoked by OEA indicates that central oxytocin receptors play an obligatory role in this response.
Discussion
Fat is an essential component of the mammalian diet, but its availability in nature is often unpredictable. Mammals have adapted to this environmental challenge by developing a network of neural and hormonal signals that align food intake and lipid metabolism to the variable accessibility of fat-rich foods (Gillum et al., 2008; Schwartz et al., 2008) . The lipid mediator OEA appears to play an important role in this network. Activation of smallintestinal OEA signaling by dietary fat engages the sensory vagus to prolong the interval between meals Schwartz et al., 2008) and concomitantly enhances lipid uptake by enterocytes (Fu et al., 2003; Yang et al., 2007) , two effects that are expected to optimize fat utilization. PPAR-␣ localized to enterocytes and, possibly, sensory terminals is thought to mediate this response (Fu et al., 2003) . In the present report, we show that systemic administration of OEA stimulates, at doses that cause a behaviorally selective inhibition of food intake Proulx et al., 2005) , the expression of oxytocin in magnocellular neurons of the PVN and SON. We further demonstrate that central oxytocin receptor blockade by the selective antagonist L-368,899 abrogates the ability of systemic OEA to alter feeding behavior. Together, these results suggest that peripheral OEA signaling suppresses food intake by activating oxytocin transmission in the hypothalamus.
Several signals of peripheral origin, such as the gut peptide cholecystokinin, control feeding by engaging vagal sensory fibers that converge on the NST of the brainstem. Higher-order brain regions are engaged to process the information coming from that nucleus: pivotal in this regard is the PVN of the hypothalamus, which integrates central and peripheral satiety signals and orchestrates autonomic responses by adjusting the balance between energy intake and energy expenditure (for review, see Schwartz et al., 2000; Berthoud and Morrison, 2008) . Several lines of evidence suggest that OEA may act like cholecystokinin to suppress feeding. First, OEA fails to reduce food intake in rats in which the subdiaphragmatic vagus nerve has been severed (Rodríguez de Fonseca et al., 2001) . Second, rats deprived of peripheral sensory fibers by treatment with the neurotoxin capsaicin fail to respond to OEA or other PPAR-␣ agonists, but retain their ability to respond to centrally acting anorexic drugs, such as the serotonergic agonist CP-93129 (Rodríguez de Fonseca et al., 2001 ). Third, although potent when administered peripherally, OEA produces no change in feeding after injection into the rat brain ventricles (Rodríguez de Fonseca et al., 2001) . Fourth, in situ hybridization experiments show that systemically administered OEA is selective at activating expression of c-fos in the NST, PVN and SON (Rodríguez de Fonseca et al., 2001 and present study). The latter result, in particular, is consistent with an involvement of hypothalamic oxytocin in mediating the anorexic effects of OEA. It is noteworthy, in this regard, that oxytocin receptor blockade in the brain does not influence the ability of OEA to engage the NTS, even though it prevents OEA-induced hypophagia. This suggests that activation of the NTS precedes that of oxytocinergic neurons in the PVN and SON.
The integrative function served by oxytocinergic transmission in social behaviors is well documented (Insel and Young, 2001; Insel, 2003; Lee et al., 2009 ), but there is also a growing appreciation for the role played by this peptide in the central regulation of energy balance (Amico et al., 2005) . For example, electrophysiological studies have shown that magnocellular oxytocin-secreting neurons in the hypothalamus become strongly activated during feeding, which is suggestive of a role for such neurons in the regulation of satiety (Douglas et al., 2007) . Consistent with this view, mutant mice that do not express oxytocin show an enhanced intake of sweet and nonsweet carbohydrate solutions (Sclafani et al., 2007) and develop late-onset obesity (Camerino, 2009) . Similarly, mice with heterozygous inactivation of the transcription factor single-minded 1 (SIM1), which reduces oxytocin expression in the hypothalamus, develop hyperphagic obesity (Kublaoui et al., 2008) . Mutations affecting SIM1 also lead to profound hyperphagia and obesity in humans (Faivre et al., 2002) . Our findings support a role for oxytocin as a central regulator of satiety and provide the first evidence of a link between fat-dependent OEA signaling in the gut and oxytocin transmission in the brain. Future studies should examine whether such a link extends to other physiological and behavioral processes that are influenced by central and peripheral oxytocin.
